Fifty variant forms of simian virus 40 (SV40) large T antigen bearing point, multiple point, deletion, or termination mutations within a region of the protein thought to be involved in DNA binding were tested for their ability to bind to SV40 origin DNA. A number of the mutant large T species including some with point mutations were unable to bind, whereas many were wild type in this activity. Simian virus 40 (SV40) large T antigen, the product of the viral A gene, is required for replication of the virus as well as for the transformation of nonpermissive cells in culture (59). A number of biochemical activities have been shown to be intrinsic to the protein including an ATPase activity (4, 58) and the ability to form complexes with the host phosphoprotein p53 (24, 26). Large T has also been shown to bind with high affinity to viral (8, 10, 31, (55) (56) (57) and cellular (2, 11, 41) DNA sequences. The role of the DNA-binding activity in both replicative and transforming functions of large T has been widely investigated. From analysis of a number of mutants isolated in several laboratories, it appears that the binding of large T to SV40 origin DNA is necessary (30, 32, 50, 54) though not sufficient (5, 29, 43) for replication, but not essential for efficient transformation of cells in culture (29, 43, 54) .
mutations were unable to bind, whereas many were wild type in this activity. The clustering of the mutations that are defective in origin DNA binding both reported here and by others suggests a DNA-binding domain on large T maps between residues 139 and approximately 220, with a particularly sensitive sequence between amino acids 147 and 166. The results indicate that the domain is involved in binding to both site I and site II on SV40 DNA, but it remains unclear whether it is responsible for binding to cellular DNA. Since all the mutants retain the ability to transform Rat-1 cells, we conclude that the ability of large T to bind to SV40 origin DNA is not a prerequisite for its transforming activity.
Simian virus 40 (SV40) large T antigen, the product of the viral A gene, is required for replication of the virus as well as for the transformation of nonpermissive cells in culture (59) . A number of biochemical activities have been shown to be intrinsic to the protein including an ATPase activity (4, 58) and the ability to form complexes with the host phosphoprotein p53 (24, 26) . Large T has also been shown to bind with high affinity to viral (8, 10, 31, (55) (56) (57) and cellular (2, 11, 41) DNA sequences. The role of the DNA-binding activity in both replicative and transforming functions of large T has been widely investigated. From analysis of a number of mutants isolated in several laboratories, it appears that the binding of large T to SV40 origin DNA is necessary (30, 32, 50, 54) though not sufficient (5, 29, 43) for replication, but not essential for efficient transformation of cells in culture (29, 43, 54) .
In mapping the domain of large T involved in DNA binding, two types of activity have been measured in different studies: the ability to bind to cellular double-stranded (ds) DNA-cellulose (2, 11, 41) and the ability to bind to SV40 origin DNA sequences (8, 10, 31, (55) (56) (57) . It is not yet clear whether these assays measure the activity of one or more domains. The variants used to map the DNA-binding domain include: (i) fragments of large T produced by in vitro translation of unspliced SV40 cRNA (42) ; (ii) various truncated forms of large T present in different SV40-transformed cell lines (3, 46) ; (iii) various chimeric proteins coded for by adeno-SV40 hybrid viruses containing defined portions of large T (33, 41, 57) ; (iv) defective large T species isolated from permissive or nonpermissive transformed cells (12, 28, 29, 43, 49, 54) ; (v) pseudorevertant forms of large T that are able to replicate from a defective origin sequence (30, 50) ; (vi) proteolytic fragments of wild-type large T (34) ; and (vii) large T variants encoded by constructed SV40 A gene deletion mutants (5, 39) . Almost all of the data are consistent in suggesting that amino acids between 83 the splice site in the large T mRNA) and about 270 constitute part, if not all of a DNA-binding domain.
We have previously reported the isolation of over 50 large T variants, most of which carry mutations in the DNA coding for amino acids 106 to 158 of large T (19) . Almost all of the mutants retain the ability to transform Rat-1 cells, but most are reduced or defective in their ability to replicate. Some of the mutations affect residues that are normally phosphorylated in vivo, and others are located within a sequence that is important in localizing large T to the nucleus (17, 18, 25) . Some of the mutants isolated had a supertransforming activity in that they produced transformed foci in greater number and more rapidly than wild-type large T. A further series of mutants have been produced by introducing termination codons at different positions throughout the large T coding region (18; B. Roberts, unpublished data).
Here we report the DNA-binding properties of the large T species present in cells transformed by the different large T variants we have isolated. The data show clearly that point, multiple point, deletion, and termination mutations within the target area used here can abolish the ability to bind to SV40 origin DNA sequences, as measured by an immunoprecipitation assay. This, together with data from other laboratories, allows us to define precisely those amino acids that constitute the amino-terminal portion of a DNA-binding domain on large T. The data also confirm that SV40 large T does not require the ability to bind to SV40 origin DNA to transform established cells. It remains to be seen whether the ability to bind to cellular DNA plays a part in this process.
MATERIALS AND METHODS
Cells. All cells were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum. The rat cells (RE52) transformed by microinjected Taq-BamHI fragment of SV40 large T, called 70K, were the gift of A. Graessman. SVA31E7 cells, SV40-transformed mouse cells, have been described previously (13, 38) . The generation of cell lines transformed by each of the mutant DNAs has been described in detail previously (19) . The wild-type SV40-transformed rat line used in these experiments was generated as described (19) by transfection with the wild-type SV40-containing plasmid pPVU-0. Cell lines transformed by the termination 50   SV40 ORIGIN DNA-BINDING DOMAIN   51   mutants H23, dH, and HHpa and by the deletion mutants  RL75-RL88 and RL12-S24 were also generated by transfection of Rat-1 cells with plasmid DNAs by the procedure previously described (19) . The construction of the termination mutants is given in Kalderon et al. (18) . The deletion mutants were created by ligating BamHI-EcoRI-cut DNA from the appropriate pairs of linker insertion mutants (19) .
Labeling and extraction of cells. The procedures for labeling and extraction of cells were carried out essentially as described previously (38, 51, 52) . Cells were labeled with methionine for 5 h by replacing the medium on confluent monolayers of cells growing on 50- As part of our efforts to assign biochemical functions to domains of large T, we examined many of the large T variants we have isolated (19) for their ability to bind to SV40 origin DNA. The mutants used fall into two groups. The larger group consists of those variants carrying point mutations or small deletions in the DNA coding for amino acids 106 to 158 of large T. The sequence of the SV40 variants encoded by most of the mutants used has been reported in detail (19) and is summarized in Table 1 .
The second group contains the so-called termination mutants which encode truncated large T protein (17, 19; Roberts, unpublished data). Three ;n-Gly-Ile-Pro n-Ser-Gly rm fragment acid residues, respectively. As virtually all of the large T variants that we isolated gave rise, albeit to different extents, to foci of Rat-1 cells overgrowing a monolayer of normal cells, the transformed cell lines were used as a source of large T for the DNA binding studies. The biological properties of the cell lines transformed by these large T fragments will be reported elsewhere. We also tested the large T fragment produced in the so-called 70K cell line that was isolated after needle microinjection into rat cells of the smaller Taq-BamHI fragment of SV40 which lacks the first exon of large T corresponding to amino acids 1 to 82 (13) . labeled large T detected was reasonably consistent between the different extracts, but some cells clearly contained significantly more than others (Fig. 1) . Each of the cell lines was developed from a randomly picked dense focus after transformation by each of the mutant DNAs under equivalent conditions. Differences in the amount of large T between individual cell lines might therefore reflect their nonclonal nature. In addition, the stability of the mutant proteins or the extent to which the mutant proteins are expressed might vary between the different transformed lines. Further experiments would be required to distinguish between these possibilities for individual mutants. It is striking, however, that all of the large T variants that contain mutations within the sequence 127-Lys-Lys-Lys-Arg-Lys-Val-132 are overproduced 6 to 20-fold relative to wild type. We have already shown that these mutant large Ts are located entirely (X12, S17-S29, S17-S36) or partly (dl) in the cytoplasm of transformed or microinjected cells (17, 18) . It is possible, therefore, that the observed overproduction might be caused by the inability of cytoplasmic large T to autoregulate its own production. Lack of autoregulation might explain why some of the other large T species appear to be present in large amounts.
The large T fragments immunoprecipitated from Rat-1 cells transformed by the termination mutants H23, dH, and HHpa are also shown in Fig. 1 . The apparent molecular weights of the 147, 272, and 362 amino acid fragments are 14,000, 30,000, and 45,000, respectively. The large T found in 70K cells is shown in Fig. 1 . Since these rat cells lack coding sequences corresponding to the first exon of large T, the large T variant expressed cannot include any of the residues 1 through 82. It is thought that translation begins at the first in-frame methionine of the large T gene, Met-109 (13) . The predicted molecular weight of the resulting protein fragment is about 70,000; however, the mutant large T migrates with an apparent molecular weight of 84,000 (Fig.  1) . Although large T species are known to migrate anomalously on sodium dodecyl sulfate-polyacrylamide gels, some doubt is cast on the exact nature of 70K large T as a result of the difference between the predicted and the observed molecular weights.
For the experiments described here we assumed that the total amount of large T present in the different transformed cells was proportional to that detected after a 5-h labeling period. Samples of extracts of the different cell lines containing equivalent amounts of large T were incubated with a mixture of 32P-end-labeled fragments of SV40 DNA which had been produced by cleavage with the restriction enzyme BstNI. Digestion with this enzyme produces among others an SV40 fragment of 311 base pairs (bp) which contains all three of the sites to which SV40 large T is known to bind (5, 8, 9, 35, (55) (56) (57) . After incubation for 60 min, any large T bound to the SV40 DNA was recovered by immunoprecipitation with a mixture of the monoclonal antibodies PAb413 and PAb419 which recognize determinants localized at the carboxyl and the amino termini, respectively, of large T (15).
The labeled DNA was then fractionated by agarose gel electrophoresis. Figure 2 shows the results of the so-called McKay assay (31) , using extracts from the cells shown in Fig. 1 . Some of the mutants coimmunoprecipitated wild-type levels of the 311-bp BstNI fragment, whereas others had reduced levels of binding and some gave none. Addition of more extract from cells which were negative for binding in the experiment in Fig. 2 These data, together with the predicted amino acid sequences of the different mutant large Ts, are summarized in Table 1 . These data show that the mutations which affect the ability of large T to bind to SV40 origin-containing DNA are tightly clustered. Small deletions or point mutations up to and including amino acid 137 have little effect on the ability of the mutated large T to bind to SV40 origin sequences. This includes the region around the Lys-128 mutations which produces cytoplasmic large Ts (17, 25) and all of the phosphorylation sites mapped at the amino terminus of large T (Ser-106, Ser-111, Ser-112, Ser-123, and Thr-124 [48, 60] The data obtained with the other mutants tested is consistent with this interpretation. The 70K large T, which lacks at least amino acids 1 to 82, exhibited wild-type levels of origin binding (Fig. 2) , indicating that the domain lies within the second exon of large T. The 147-amino acid fragment of large T coded for by the termination mutant H23 failed to bind DNA in this assay (data not shown). dH large T, which is 272 amino acids long, and therefore includes the sequences making up the region defined above, did bind to origin DNA, though weakly. HHpa large T bound DNA better, perhaps suggesting that the conformation of the 362-amino acid-long fragment more closely resembles that of wild-type large T than do the shorter forms. Taken together, these data support the notion that a region involved in binding to SV40 origin DNA spanning regions I and II is shown in Fig. 3 (top) with the recognition pentanucleotide boxed. Measurements of the relative affinity of large T binding to the different sites at 4°C have led to the conclusion that the protein binds most tightly to the two perfect pentanucleotides in site I, then to the sequences in region II, and lastly to region III (8) . It is likely that binding of large T to the 311-bp BstNI fragment in the immunoprecipitation assay used here largely reflects binding to the highest-affinity site I (32) . In an attempt to assess whether binding to site I and site II was affected in parallel in the different mutants, we carried out immunoprecipitation assays with a number of different DNA fragments. Initially, we separated site I and site II sequences by digesting the SV40 HindlIl C fragment with Dde. Site I was present as a 57-bp fragment, and site II was included in a fragment of 302 bp (Fig. 3, bottom) . The small site Icontaining Dde-HindIII C fragment was preferentially recognized by wild-type large T, and recovery of the 302-bp site I fragment was poor (Fig. 4) . This may have been a reflection of the lower affinity of T antigen for site II but could equally have been due to the position of the Dde site which is immediately adjacent to the large T-binding sequences on site II (shown in Fig. 3, bottom) at the extreme end of the 302-bp fragment. Therefore, two mutant plasmid DNAs were used, RL18 and 034, in which two or all three of the site I pentanucleotides were deleted. The DNA sequence of the origin region of these two mutants is illustrated in Fig. 3 , bottom. The mutant DNAs were digested with BstNI or BstNI and EcoRI, end labeled, and used for DNA binding as before. Results obtained with RL18 are shown in Fig. 4 , and some of the mutants tested with 034 are shown in Fig. 5 . All of the results obtained followed the pattern observed in Fig.  2 . Those mutants which bound the 311-bp wild-type BstNI fragment also immunoprecipitated the origin-containing fragments of both mutant DNAs; those mutants which failed to bind to the wild-type origin fragment also failed to recognize the altered origins. In addition to the 858-bp SV40 origincontaining fragment bound by the different mutants in Fig. 5 , the 1,772-bp plasmid DNA fragment was precipitated in some cases. Since that band was not detected in previous experiments using the same extracts under the same conditions, we believe this reflects nonspecific binding which can sometimes occur in immunoprecipitation assays and which has been seen by several other authors (32, 43) . Nevertheless, these results suggest that the ability of large T to recognize site II sequences is lost in parallel with the ability to bind to site I. This observation must be tested more rigorously by using precise measurements of DNA binding such as dimethylsulfate protection assays. However, our initial results with a large number of mutants imply that the functional domain involved in binding to site I sequences also plays a role in recognizing sequences at the origin of replication.
Binding to cellular DNA. In addition to binding to sequences at the viral replication origin, SV40 large T is known to bind tightly to cellular DNA sequences (2, 10, 11, 41 (Fig. 1) were incubated with 10 ng of _P-labeled BstNI-digested DNA from the plasmid pSV328, which contains the entire early region of SV40. Large T was immunoprecipitated with a mixture of the monoclonal antibodies pAb419 and pAb413 which recognize amino-and carboxyl-terminal determinants, respectively, on large T (15) . The immunoprecipitates were separated on 2% agarose gels. Tracks M: 0.5 ng of BstNI-digested pSV328 DNA. The sizes of the different fragments are given in base pairs. E7, extract of SVA31E7 cells; WT, extract of wild-type SV40-transformed rat cells. The names of the different mutants are given above the appropriate tracks. 70Ka, 70K cell extract immunoprecipitated with pAb413; 70Kb, 70K cell extract immunoprecipitated with pAb419; Rat-1, extract of untransformed Rat-1 cells. The tracks shown on the bottom right were analyzed in a separate gel which was electrophoresed for a longer time, to achieve better separation of the marker fragments. between amino acids 83 and 250 was summarized in the Introduction. The data presented here allow a more precise map to be deduced. These data, together with relevant information from other laboratories, are summarized in Fig.  7 . The most amino-terminal of the point mutations we examined that is negative in the DNA binding assay is Pro-139 --Leu (W75). Deletion of the surrounding region also produces SV40 origin DNA-binding-negative large T (L27-S26). Mutations at residues 147 (Ser--Asn; D119), 149 (Ala --Val; U24), and 152 plus 154 (Ser -* Asn, Arg --Lys; U19) also abolish origin DNA binding as do a number of multiple point and deletion mutations in the same region (Dlll, W134, RL23, D89, D98; listed in Table 1 ). Several of the point mutations in this region are reduced in their binding activity relative to wild type (W67, D120, Bl, U20, D88, D90, D94). It is striking that mutation of Ala-149 to Thr (D120) retains some binding activity, whereas mutation to Val (U24) does not. Even more noticeably, conversion to the adjacent residue Val-150 -+ Met (B9) generates a virus that is able to replicate and has a wild-type SV40 origin DNAbinding phenotype.
The close clustering of mutations with a common defect strongly suggests that they lie within a functional domain. This is made even more likely by findings from two separate studies. By recovering the integrated SV40 DNA from transformed permissive monkey cells and sequencing the early regions, the defects that prevent the expected productive infection of these cells by the virus have been identified (12) . In the case of the C6-2 mutation, the defect appears to be in SV40 origin binding (43) , and the lesion maps to residue 153. Similarly, the SV40 insert coding for the large T in human SV80 cells has been isolated and found to be replication defective. Again, the protein appears to be reduced in its SV40 origin DNA-binding activity (14) . localized to a region beginning at Pro-139 with a particularly important sequence between amino acids 147 and 166.
We do not know how far the putative domain extends to the carboxy-terminal side because we have not made many mutants mapping to this region. However, the mutant RL115 which affects residues 220 to 223 is origin-binding defective, and two other SV40 point mutants recovered from transformed permissive or nonpermissive cells that map to residue 203 (T22) (29) and 214 (SVR 9D) (54) also lack origin DNA-binding activity. Since domains mapped on procaryotic DNA-binding proteins are usually of the order of 70 to 90 residues (37), these mutations may lie at the extreme carboxyl end of the same domain.
The data obtained with the other SV40 large T variants (70 K, H23, dH) reported here are also consistent with this location. Thus, with the exception of one published report claiming that a proteolytic fragment of large T comprising only residues 1 to 130 has origin DNA-binding activity (34) , almost all other data are consistent with the site identified here between residues 139 and 223 being a major component in defining origin-specific DNA binding.
Comparison of the SV40 large T amino acid sequence between residues 135 and 225 with the region between amino acids 289 and 379 of large T of the related papovavirus, polyomavirus, is shown in Fig. 7 . The underlined amino acids are conserved between the two viruses. It is striking that all the mutants defective in origin binding shown in Fig.  7 map to residues shared with polyomavirus large T. The high degree of conservation of amino acids suggests that the region is essential to each virus and has a similar function. It has recently been shown (40) that polyomavirus large T can bind to the same pentanucleotide recognized by SV40 large T.
DNA-binding domains in procaryotic proteins have been characterized in some detail (37) . For example, they comprise 66, 73, and 92 residues, respectively, for the Cro, CAP, and X repressor proteins. Although the domain described here could be of approximately this size our preliminary searches have failed to find sequence homology between the SV40 amino acid sequences and those of the 20-residue helix-bend-helix motif characteristic of the procaryotic proteins.
Site I, site II, and dsDNA binding domains. The data reported here do not allow us to distinguish whether the domain has different specificities for binding sites I and II in the SV40 origin. As far as it is possible to tell, the site II binding can be detected in such an immunoprecipitation assay by using DNA which lacks site I sequences appears to parallel the site I binding results, suggesting that the domain has activity for both sites. Furthermore, the pseudorevertant large T antigens are presumably effective in origin, i.e., site II, binding since they are capable of initiating viral DNA replication and yet they map to the site I domain defined here. Thus, it seems likely that the region between residues 139 and 223 recognizes both sites I and II in the SV40 origin region, but this conclusion must be tested more rigorously before being regarded as established.
It remains to be seen whether other regions on large T form another DNA-binding domain. One report suggests that a second domain with a specificity for non-SV40 DNA lies between residues 245 and 325 (42) . The results reported here are consistent with that hypothesis since mutations within the SV40 origin binding region, including some large deletions, do not seem to affect the ability of the mutant proteins to bind to ds cellular DNA. These results must be interpreted with some caution, however, because of the severe limitations of the DNA-cellulose binding assay itself. In our hands, large T binds efficiently to underivatized cellulose (compare Fig. 6 , panel WT rat A, tracks 1 and 2) although apparently with low affinity as the bulk of the protein can be eluted under low-salt conditions (Fig. 6, WT Thus , the hypothesis that the observed supertransforming activity of some of the mutants can be explained in terms of an overproduction of protein is consistent with the deficiencies observed in this study in binding to site I, the site of transcriptional control by large T.
The work described here supports the conclusion that large T does not need to be able to interact with SV40 origin DNA to transform established Rat-1 cells (29, 43, 54) . However, any suggestion that transformation by large T does not involve an interaction with cellular DNA must be tempered by the finding that all of the mutants retain the ability to bind to cellular ds DNA-cellulose. Scheller et al. (49) have already described a similar phenotype for the C6-2 mutant. If transformation of established cell lines by SV40 does not involve binding to DNA, it might imply that this aspect of transformation is a cytoplasmic event catalyzed by the membrane-associated forms of large T detected by a number of workers (7, 20, 21, 47 [and references therein]; 53). This would be consistent with the emerging view that transformation, as opposed to immortalization, is catalyzed by cytoplasmic events (22, 23, 36, 45) . It would also explain why several of our mutant large T species that appear unable to localize to the nucleus of cells still retain the ability to transform established cells (17) .
Domain structure of large T. From previous studies on the biological properties of the many mutants we have constructed and from the data reported in this paper, it has become apparent that the linear amino acid sequence of large T can be divided into discrete blocks each of which is associated with a distinct function or property.
All of the phosphorylation sites in the amino-terminal half 
